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Low temperature diffusion process for dopant concentration enhancement 



(57) Doped semiconductor with high dopant con- 
centrations in small semiconductor regions without ex- 
cess spreading of the doped region are formed by: 

(a) applying a dopant-containing oxide glass layer 
(60) on the semiconductor surface (61), 

(b) capping the dopant-containing oxide glass layer 
with a conformal silicon oxide layer (62), 

(c) heating the substrate from step (b) in a non-ox- 
idizing atmosphere whereby at least a portion of the 
dopant in the glass diffuses into the substrate at the 
semiconductor surface, and 

(d) heating the glass-coated substrate from step (c) 
m an oxidizing atmosphere whereby at least a por- 
tion of the dopant in the glass near the semiconduc- 
tor surface is forced into the substrate at the semi- 
conductor surface by diffusion of oxygen through 
the glass. 

The method is especially useful for making buried plates 
in semiconductor substrates which may be used in 
rench capacitor structures. The preferred semiconduc- 
tor substrate material is monocrystalline silicon The 
preferred dopant is arsenic. 




Fig. 2 
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Description 

Background of the Invention 

5 [0001] The general manufacture of integrated circuit (IC) chips has been practised for many years. The successful 
IC manufacture is often dependent on the ability to create regions of differing composition within the semiconductor 
wafer used as the substrate for the integrated circuit or within structures deposited on the wafer. The performance of 
these regions is often dependent on the degree of difference in composition. Thus, the function of a region may vary 
depending on its composition (e.g. concentration of dopant) and the composition of the regions surrounding it. 

10 [0002] The continued demand for more compact and more detailed circuit designs in the integrated circuit industries 
often demands improved ability to create compositional differences having very tight tolerances (compositional and/ 
or dimensional). One design structure that has presented these demands is the so-called trench capacitor. 
[0003] Trench capacitor structures usually comprise a trench in a semiconductor substrate (usually silicon). Imme- 
diately below the trench wall, the substrate is doped to increase its charge storage capacity to form one plate of the 

is capacitor. Typically, the dopant (e.g. As) is put into place by diffusion or ion implantation. At the trench wall, a dielectric 
layer is formed to serve as the node dielectric of the capacitor. The trench is then filled with a conductive material 
(typically doped polycrystalline silicon) which becomes the second plate of the capacitor The doped region below the 
node dielectric is often called the "buried plate" of the capacitor. 

[0004] One advantage of the trench capacitor design is that it takes up less area relative to the principle plane of the 
20 substrate. Even with this inherent design advantage, there is a further demand to conserve space on the chip by placing 
the capacitors closer together. If the trench capacitors are placed too closely together, unwanted interactions may 
occur between the doped regions which form the buried plates of the adjacent capacitors. On the other hand, it is 
generally desired to have a high level of dopant in the buried plate so as to ensure good capacitor performance. 
[0005] Conventional techniques have generally resulted in a trade-off. Where high doping was achieved, the size of 
25 the doped region increased such that close placement of the capacitors was impossible without unwanted interactions. 
Control of the size of the doped region has generally required the use of reduced dopant levels and worse performance. 
Thus, improved doping methods are needed for forming doped regions useful as buried piates in trench capacitors 
and other devices. Further, there is a need for trench capacitors having buried plates of high charge storage capacity 
and tight geometrical configuration. The need for high dopant levels in tight geometries may also be present in the 
30 fabrication of other integrated circuit components. 

Disclosure of the Invention 

[0006] The invention provides processes which allow the achievement of high dopant concentrations In small sem- 
35 iconductor regions without excess spreading of the doped region. 

[0007] In one aspect, the invention encompasses method of forming a doped semiconductor region in a semicon- 
ductor substrate having a semiconductor surface, the method comprising: 

(a) applying a dopant-containing oxide glass layer on the semiconductor surface, 
40 (b) capping the dopant-containing oxide glass layer with a conformal silicon oxide layer, 

(c) heating the substrate from step (b) in a non-oxidizing atmosphere whereby at least a portion of the dopant in 
the glass diffuses into the substrate at the semiconductor surface, 

(d) heating the substrate from step (c) in an oxidizing atmosphere whereby at least a portion of the dopant in the 
glass near the semiconductor surface is forced into the substrate at the semiconductor surface by diffusion of 

45 oxygen from the oxidizing atmosphere through the glass. 

Arsenic is a preferred dopant for use in the method of the invention. 

[0008] In another aspect, the invention encompasses methods of making buried plates in semiconductor substrates 
using the above technique where the semiconductor surface is at least a portion of a trench formed in the substrate. 
50 [0009] In another aspect, the invention encompasses semiconductor substrates having region of high dopant con- 
centration in a buried plate configuration. 

[0010] The invention is especially applicable for forming doped regions for use as buried plates in trench capacitor. 
The preferred semiconductor substrate material is silicon, especially monocrystalline silicon. 

55 Brief Description of the Drawings 

[0011] The invention will now be described, by way of example only, with reference to the accompanying drawings, 
in which: 



2 



10 



is 



20 



25 



30 



35 



40 



45 



50 



55 



EP0 92? 113 A2 

[0012] Figure 1 is a schematic cross section of a typical prior art trench capacitor with an oxide collar. 

[0013] Figure 2 is a schematic cross section of a trench with applied dopant-containing glass and conformal oxide 

layers according to a method of the invention. 

Detailed Description of the Invention 

[0014] The invention generally encompasses methods of forming doped regions in semiconductor surfaces. The 
need for this type of doping is most frequent in the instance of forming trench capacitors and other integrated circuit 
components. 

[0015] Referring to Figure 1 , typical fabrication of trench capacitors involves etching of an initial trench 100 into the 
substrate 1 (or wafer, usually a silicon wafer). Regions 5 in the substrate at the trench wall are typically doped to provide 
a region of increased charge storage capacity which will become one plate of the capacitor. A thin node dielectric layer 
10 (usually a nitride) is formed as a conformal layer covering the trench surface. Usually prior to trench formation, one 
or more dielectric material pad layers 50 and 51 (usually nitride and oxide respectively) are deposited on the substrate 
The trench 100 is then filled (filled and etched back) with a charge storage material 20 (typically a doped polysilicon) 
which serves as the other plate of the capacitor. In most trench capacitor designs, an oxide collar 40 is formed about 
the trench wall toward the entrance to the trench. This oxide protects against parasitic or leakage effects. The oxide 
collar may be formed before, after or between formation of the buried plate and node dielectric. 
[0016] General techniques for forming trench capacitors having collar oxide features are known in the art See for 
example the methods disclosed in US Patents 4,794,434; 5,283,453; 5,395,786; 5,434,109; 5,656,535; and 5,677,219. 
[0017] The formation of the buried plate (or other highly doped regions of the semiconductor substrate) in accordance 
with the invention involves application of a dopant-containing oxide glass layer to the surface of the substrate where 
the doping is desired and capping the dopant-containing glass layer with a conformal oxide coating. After capping the 
dopant-containing glass layer, the substrate is subjected to a sequence of (1 ) heat treatment in a non-oxidizing atmos- 
phere such that at least a portion of the dopant in the glass diffuses into the substrate and (2) heat treatment in an 
oxidizing atmosphere whereby at least a portion of the dopant in the glass near the semiconductor surface is forced 
into the substrate at the semiconductor surface by diffusion of oxygen from the oxidizing atmosphere through the glass. 
[0018] Referring to Figure 2, the dopant-containing glass layer 60 may be formed on the trench wall surface 61 of 
the substrate by any conventional method such as chemical vapour deposition (CVD), preferably LPCVD (low pres- 
sure). The dopant-containing glass layer is preferably applied as a conformal layer over the portion of the trench wall 
surface where the substrate doping is to take place. The dopant-containing glass is may contain a dopant such as 
boron, phosphorus, or arsenic as desired. The dopant-containing glass is preferably a silicate glass. For arsenic-con- 
taining glass (AsG), the glass is preferably deposited by LPCVD of a mixture of tetraethyl orthosilicate (TEOS) with an 
arsenic-containing organometallic compound such as TEOA (triethoxyarsine - As(OC 2 H 5 ) 3 ) or TEAS (triethylarsenate " 
- OAs(OC 2 H 5 ) 3 ). Boron silicate glass and phosphorus silicate glass may be formed using similar CVD techniques with 
substitution of the appropriate boron or phosphorus constituent for the arsenic-containing organometallic compounds. 
The dopant-containing glass layer may also be formed by applying a doped spin-on-glass (SOG). Other techniques 
for forming doped glass layers may also be used. The concentration of dopant in the dopant<ontaining glass should 
be sufficient to create the desired dopant transfer to the semiconductor substrate under reasonable time and temper- 
ature conditions. Preferably, the dopant-containing glass has a dopant concentration of at least about 1 x 1021 atoms/ 
cm 3 , more preferably at least about 2x1 0 21 atoms/cm 3 , most preferably about 3 x 10^1 - 6 x 10 21 atoms/cm 3 . The 
thickness of the dopant-containing glass layer should be sufficient to provide the necessary amount of dopant to the 
substrate taking into account the dopant concentration in the dopant-containing glass and the desired dopant profile 
in the substrate Preferably, the dopant-containing glass thickness is at least about 50 A (5 nm), more preferably at 
least about 100 A (10 nm), most preferably about 200-500 A (20-50 nm). It is generally preferred to use the minimum 
dopant-containing glass thickness necessary to reliably achieve the desired dopant concentration profile. In addition 
to cost considerations of using excess dopant-containing glass thickness, thickness above about 500 A (50 nm) may 
present problems in terms of variation in dopant-containing glass thickness over the substrate surface. In general, the 
upper limit of combined thickness of the dopant-containing glass and its capping oxide is preferably dictated from the 
diameter of the deep trench. A uniform combined thickness is preferred in order to facilitate removal of the layers by 
etching after the buried plate is formed. A 500 A (50 nm) dopant-containing glass layer with an 800 A (80 nm) capping 
oxide layer is workable for 0.25 ujti ground rule geometries. 

[0019] Once the desired dopant-containing glass layer has been deposited. The dopant-containing glass layer is 
capped by depositing a conformal oxide layer 62 over the dopant-containing glass layer. The conformal oxide is pref- 
erably a silicon oxide formed by PECVD (plasma enhanced CVD) of SiH 4 /0 2 at temperatures of less than 500°C. 
Alternatively, the conformal oxide may be formed by vapour deposition of tetraethyl orthosilicate (TEOS) with subse- 
quent thermal treatment (preferably at temperatures below 800°C, more preferably less than 700°C). The conformal 
oxide layer should be capable of transmitting oxygen to the dopant<ontaining glass layer, especially on exposure of 
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allowing the dopant-conteinin gla* A^eTlTol S^J^ a,m ?? ,e^, SUrr ° Undin9 ^ SUbStrate whi ' e 
strate. If used, the conforma. oxfde layer pre'eS has a SKL °^ n 9 atmos P here us ^ to treat the sub- 

- about 400-800 A (40-80 nm). »«.*ness oi aoout 1000 A (100 nm)orless . more preferably 

.ho glass di* U sos wo «. i UDStrat . X SSSl h" B 01 ' he ^P 3 " 1 h 
Ins dopant in .he glass naa, tho semiconductor surtao^s "T" 9reb> ' at ,Mst a ?° rti °" « 

- division o, oxygen Iran m. oxidizing a, m »pl 0 ^asf " se "' fc °" d «<" by 

SgZ,i;s^ 

oxidizing atmosphere should have a lo^en^Zo^LTl^T am ° UntS °' OXy9en> h ° Wever - tha ™- 

subsequent oxidizing treatment. Pre t0 ^sp^ere used in the 

diffusion of oxygen to the dop en ^ 0 ^^o^^ a ^S^T^ ' S SUCh that "° si 9 niflcan * Effusion (e.g., 
dopant-containing g.ass to t^JS^^S^^'Z^ *f? *" " d ° pant f ™ the 

partia, pressure of about 0.1 atm (9.8 kPa) oMet Ire ^^^^^"^"^ ™ 
treatment .. preferably conducted at a temperature of at least aboMWOVCr^ I T, 1 S ' ^ firSt heat 
most preferably about 1 025-1 075'C The first heat Z^rZT f , ' 6 pre,erab V about 1 000-1 100°C, 

more preferably about 2-10 minxes' SV^S^S^ " k ^ COndUC,ed f ° r about 1 ' 30 mi ™tes 
substrate (i.e., greater junction depth). ° "* " 9reater P enetra «°n of the dopant into the 

[0022] After the first heat treatment, the substrate is then subjected to * f„ rt h«r . . 

mosphere. This second heat treatment is D mf P r«hiv * V heat treatment h an oxidizing at- 

same furnace). The oxidsin re T *" ** ,featment (e " 9 - in ,he 

a diluent gas. Alternatively. H 2 0^onLning a C ° nta ' nS 938 in 'Nation with 
is desired (e.g. to create shlltow profNes'o^ 

preferably avoided since may leave undesired carbo , on " ntrat ' on the sem.conductor material). 0O 2 is 

Phere preferably has an effective oxy"^ —*» 
about 0.2-1 atm (19.6-98 kPa). Preferred diluent gases are N,orHe Shouoh nthfn ( u X m ° re P referab, y 
non-oxidizing treatment may be used as diluent oases Wh„~ Z o 9 1 93568 SUch as those used in ^ 

preferabhy about 1 atm stea!n. it is geZ^eZole T^oi^LnZr "1- k^" 9 ^ the at ™ sp ^ * 
ditions may prematurely stop the migration of dooant h P , ^ are t0 ° ° xidizin 9 since such c °"- 

second heat treatment I preferab^cS^ 9,353 16 ,he semi ^ductor. The 

850-975-C, most preferably about 90 S 50 4 Ihe secoXt tr^ V*™ 1 ° 00 ° C ' m ° re P referabl V ab °* 

or less, more preferably for about 1 15 minutls mS ore^ 

treatment is conducted for a sufficient m7loTox\^aHmZl^ h J 12 m ' nUt8S - Preferab, K the second heat 
dopant-containing glass/substrate fnteSce to See at u a 2 ? do P ant - contai ™9 9lass layer toward the 
containing g.ass into the substrate. Longer ^^JS^^^S^ * ^ ^ ^ th9 d ° Pant - 
to result in reduced junction depth in that a qreater oorttoTof 1 « , ^ a 99 ressive «*Jatlon conditions tend 
conductor interface is converted to ox df whicl fS subse^n ,1 9 ^ Sem,conductor Serial at the glass/semi- 
[0023] After the second heat tfdi232,'S^ T % ° T*" ° f ^ ^ ecMc - 

removed from the substrate by known ^^technfquesTucTa^^ T.^ ° Xide ,ayer are P referabl V 

Any incidental substrate oxidatL Is^SS kZ^m I T^J* ^ S6,eC,ive etchin 9 technique 
to form the desired integrated circuit ^ 

KsplaX^ 

designs. Preferably, the w^ J^SS^^ TillT T" 6 C ° mp ° nents use,ul «" ^grated circuit 
trench depth measured from the top of the se^ 
width) of at least about 5, more pref erably ^^Heast abS 20 %1 52 (Figure 1)/ maximum trench 

order of 30-50 or more. The invenfon ^iS^^^T t deS ' 9nS ^ require aspect on the 
urations characterized by the comb^on oT "eX SSSSZ 8 COnCentration c °"«9- 

the invention are capable of producing dopant concentrat n 1 f ? concentrat 'on. The methods of 
more preferably at least about 5X1o"' ^ST^^^^ * ^ ^ 3 X 1019 at ° mS/cm3 ' 
may be achieved. In»rnbinatk*wfththe^^^ in excess of 1 ° 2 ° atoms/ cm 3 

nm. more preferably about 140 So nm Z ^^Z^TT?-^^ 1UW ^ lX ^ M '^ 
ion mass spectroscopy (SIMS). On ,^0^^^^ ^^^^^ 
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some diffusion of the dopant may occur such that the peak concentration is somewhat diminished in the final product. 
The final products using the method of the invention preferably retain a peak dopant concentration of at least about 1 
x 10 19 atoms/cm 3 , more preferably at least about 2 x 10 19 atoms/cm 3 after formation of the node dielectric and filling 
of the trench with the conductive material which forms the second plate of the capacitor. 

[0025] The invention is especially useful where the substrate material is monocrystailine silicon, however, the inven- 
tion may be practised with other semiconductor substrate materials. 

[0026] The invention is further illustrated by the following examples. The invention is not limited to the specific pa- 
rameter values of the examples. 

Examples 

[0027] A starting monocrystailine silicon substrates having pad oxide and pad nitride surface layers and high aspect 
ratio trenches were provided using techniques generally known in the art. A layer of AsG was formed on portions of 
the trench wail of the substrates. The characteristics of the AsG layer are described in Table 1 below. Over the AsG 
layer, a conformal oxide layer was formed by PECVD of SiH 4 /0 2 . The characteristics of the conformal oxide layer are 
described in Table 1. 

[0028] For examples 1 and 2, the substrates were heat treated in argon gas at 1050°C for 2 minutes followed by 
heat treatment in a dry 0 2 -containing atmosphere - 6 slm (standard litres/minute) of 0 2 with t % HCI at 1 atm (984 pa) 
at 950°C for about 10 minutes. The HCI acts as a metal getter. Its use is optional. 

[0029] As a comparison, examples 3 and 4 were heat treated using the same steps as in examples 1 and 2, but in 
reverse order (i.e., oxidation followed by annealing). 

[0030] The conformal oxide and AsG layers were then removed and the arsenic concentration at the trench wall 
surface and the arsenic penetration depth were measured using SIMS. The results are shown in Table 2 below. The 
results indicate that the use of the method of the invention results in increased arsenic concentration levels with a 
modest increase of the penetration depth. The method allows increase of the dopant concentration and at the same 
time control of the penetration depth. 



Table 1 



Example 


Initial As 
cone. 
(atoms/cm 3 ) in 
AsG 


AsG thickness 
(nm) 


TEOS thickness 
(nm) 


1 


1.05 x.10 21 ^ 


.... 20 


400 


2 


1.05 x 10 21 


10 


400 


comparison 3 


1.05 x 10 21 


20 


400 


comparison 4 


1.05 x 10 21 


10 


400 



Table 2 



Example 


As substrate 


As penetration depth 




concentration 


(nm) 




(atoms/cm 3 ) 




1 


4.5 x10 19 


150 


2 


3.3 x10 19 


140 


comparison 3 


3.1 x10 19 


127 


comparison 4 


2.0X101 9 


120 



Claims 

1. A method of forming a doped semiconductor region in a semiconductor substrate (1) having a semiconductor 
surface (61), said method comprising: 

(a) applying a dopant-containing glass layer (60) on said semiconductor surface, 



EP 0 923 113 A2 

(b) capping said dopant-containing oxide glass layer with a conformal silicon oxide layer (62), 

(c) heating said substrate from step (b) at a temperature of at least about 1000 C for at least about 1 minute 
in a non-oxidizing atmosphere whereby at least a portion of said dopant in said glass diffuses into said substrate 

s at said semiconductor surface, (d) heat the substrate resulting from step (c) at about 850-975°C for at least 

about 1 minute in an oxidizing atmosphere whereby at least a portion of the dopant in said glass near said 
semiconductor surface is forced into said substrate at said semiconductor surface by diffusion of oxygen 
through said glass. 

10 2. A method as claimed in claim 1 wherein said semiconductor surface (61 ) is a wall of a trench in said substrate (1 ). 

3. A method as claimed in claim 2 wherein said semiconductor surface (61) is a bottom wall of said trench. 

4. A method as claimed in claim 2 wherein said trench has an aspect ratio of depth into said substrate to width of 
1$ said trench of at least about 5:1 . 

5. A method as claimed in claim 2 wherein said trench has a depth of at least about 5 urn. 

6. A method as claimed in claim 1 wherein the glass (60) applied in step (a) is a silicate glass. 

20 

7. A method as claimed in claim 1 wherein the glass (60) applied in step (a) has a dopant concentration of at least 
about 1 0 21 atoms/cm 3 . 

8. A method as claimed in claim 1 wherein said non-oxidizing atmosphere contains at least one gas selected from 
25 the group consisting of nitrogen, argon and helium. 

9. A method as claimed in claim 1 wherein said oxidizing atmosphere contains an oxygen component selected from 
the group consisting of H a O, O a and mixtures thereof. 

30 1 0. The method of claim 9 wherein said oxidizing atmosphere contains a diluent gas selected from the group consisting 
of nitrogen, argon, helium and mixtures thereof. 

11 . A method as claimed in claim 1 wherein said oxidizing atmosphere has an oxygen (C^) partial pressure of at least 
20Kpa. - - - 

35 

12. A method as claimed in claim 1 wherein said non -oxidizing atmosphere has an oxygen (0 2 ) partial pressure of ' 
less than 10 kpa. 

13. A method as claimed in claim 1 wherein said glass layer (60) and said conformal oxide layer (62) are removed 
40 after step (d). 

14. The method of claim 1 wherein said dopant is selected from the group consisting of boron, arsenic and phosphorus. 

15. A filled trench structure comprising: 

45 

(a) a monocrystailine silicon substrate (1) having a first surface (61), 

(b) a trench having a wall fined by a portion of said first surface, 
50 (c) a charge storage material substantially filling said trench, 

(d) a region (5) in said silicon substrate at said trench wail, said region having a dopant penetration depth 
normal to said cavity wall of at least about 1 00 nm and a maximum dopant concentration of at least about 3 
x 10 19 atoms/cm 3 , and 

(e) a dielectric layer between said charge storage material and said dopant-containing region. 

16. A trench structure as claimed in claim 15 wherein said trench has an aspect ratio of depth into said substrate to 
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width of said trench of at least about 5:1. 

17. trench structure as claimed in claim 15 wherein said penetration depth is about 140-200 nm. 

5 18. A trench structure as claimed in claim 15 wherein said dopant is selected from the group consisting of boron, 
arsenic and phosphorus. 
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